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Heats of Copolymerization of Butadiene and Styrene
from Measurements of Heats of Combustion

Raymond A. Nelson, Ralph 5. Jessup, and Doncld E, Roberts

The heats of combustion of two B&nglﬁﬁ of polyhutediena end four copolymera of birta-
diene snd styrene preparad at 50° C (122* F), and one gample of polybutadiene and four
copalymers polymariead at 59 C {417 F) weara messyred in e homb ealorimeter. The styrene
coentents in the copilymers varked from approximately 8 to 55 waight peroent,

A walye for the heat of polymerization {or olvymerization] weas ealeulated for cach
sampie by combining the experitnental value far the heat of combustion with other koown
thermochemicsal data. The mean value chialned for the hoat of polymerizetion (— AH % of
palybytadiens is 17.4 kesl per monomer unit, and the values ohtafned far the heat of vo-
polymeriastion varked from 17.1 to 17.7 keal per monomer unit.  No apperoiable differenes
was found between the heats of copolymerization of the 53° C and F® O polymers, The
heat of copalymerisation ean be represanted e 8 fopstion of styrene conlent of the polyimer
by an equation of & form derived theoretivally by Alfrey snd Lewdiz, although the eonditions
under which the polymers were Formerd were ruch that aome of the assumptions undetl¥ing

the detivation of the eguation wers ook satisted.

1. Introducticn

Megsurements have been made, by mesna of &
bomb calorimeter, of the heats of combustion of
three samples of polybutadiens and eight copolymers
of butadiene &nd styrene, ranging in styrene contens
from approximately 8 to 55 pereent by weight {5 to
40 mole %,}. Two of the samples of polybutadiene
and four of tha copolymers were preparcd by poly-
merization at 50° C (122° T}, whereas the others
were polymerized al 5% C (41%* F). The data have
hean combined with gther thermochemicel data to
obtain values for heats of polymerization nnd copoly-
merization.

2. Source and Purity of Material

The meterigls used in this investigation were mads
available by the Reconstruction Finance Corp.,
" Office of Rubber Reaerve, pnd were punfled in the

Rubber Section of the Bureau. Some of tha i]))mp_
ertiee of the purified materials are given in table 1.
The polymers werc prepared by emulsion polymer-
ization, The “modifiers” used were commercial
s—dodecy] mereaptan (DDM) for the 50° C pol T4,
snd commercial tert-dodzeyl mercaptan (Sulfole} for
the 5% C polymers, ) ) )

The purification procedure involved dizsolving the
sample in benzene snd preciizit&ting it by pouring
the solution slowly into methyl aleobol while stirring,
This was dons three times. Then the purified
sample was again dissolved in benzens, a small
amount of phenyl-brte-naphthylamine was added
a3 an antioxidant, the mixture waz frozen, and the
benzens was removed by sublimation in vacuum to

ive & produet similar to foam rubber in appearanca.
ﬁ‘his procedurs removed soap, fatty aeid, and atabi-
Iizer, ag well a8 some of the low-molecular-weight

lymer. In the present work no significont dif-
}‘Jeg'ance wis found in the heats of combustion of
samples burned as received after the treatment
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described above and after furiher evacusbion to
about 10~* mm of mercury for several days at room
temperature. .
¢ purified samples were analyzed quaniita-

tively, and the resulte are reported in table 1. The
etyrene contents reported in this table were calou-
lated from the carhon-hydrogen ratios {cortected for
mercaptan). .

A part of the experimentally determined sulfur
content of sample X-454 was found to be present as
an inorganic impurity, rether than ss mercaptan
at to the polymer chain. The sulfur content
reported in table 1 for this sample is the sxecess of
the total observed sulfur over that found to be pres-
ent in the inocrganic impurity. The experimental)
determived sulfur eontent of =sample GL—657, W
eontained ne styrene, was higher than that caleulsted
from the observed earbon-hydrogen vatio on the as-
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sum]ftiun that the sample consisted entiroly of do-
decyl mercaptan and polybutadiens. 1t was assumad
that the differenice was due to sulfur in inerganic im-
purity {#s in the caze of sample K—if:g, and the
sulfur eontent reported is that calenlated from the
carbon-hydrogen ratio.

3. Method and Apparatus

The apperatus nnd procedure used in the bomb
calorimetric measurements have heen deseribed pre-
viously f1, 2, 3, 12].! The bomb used hes & capacity
of 381 ml. One milliliter of water was piaced in the
hamb before each combustion expoeriment, The
pa]ll}mar samples vsnd were frst compressed into
pellats,

The celorimetric system was calibrated with NBS
Standard Sample 39¢ of henzoic acid, nsing the value
26433.% abs i for the heat of combustion of this
material under the conditions of the standard bomh
process 13, 4, 5.

In caleulating the results of the heat of eombustion
mpasurements, the amount of the combustion reae-
tion in each a emt was determined from the
maga of carbon dioxide formed, us'm%t,he vailne 44,010

for the molecular weirht of carbon dioxide [21].

ests wore made for carbon monoxide in the gasecus

raducts of combuation after the carhon dioxide had

ean removed, ueing a colorimetric method developed
at the Bureau [6]. No carbon monoxide was found,
and no goot or other evidence of iIncomplate sombas-
tion was found in the homb in any experimant.

Correctione were applied to the obaerved hent of
combustion i each experiment for heat of stirring,
heat transfar hetwaen ealorimater snd surroundings,
ignition energy (22 j), and energy produced by the

ormation of aqueons nitric (58.% kj/mole) end sul-
furi¢ {3057 kj/mole) acids in the bomb, The Inst
two corrections were made on the basis of the anal-
vais of the washings from the bomb after each com-
ustion experiment. Tho air initially in the bomb
wasz not flushed out with oxygen in these experimenta.
The atmospheric nitrogen wae left in the bomb ba-
cause the oxides of nitrogen are known to catalyze
the formation of sulfuric acid from sulfur dioxide,
exyren, and watar,
aqueous solution in the bomb at the end of
each experiment wae analyzed for the acds formed
during the combustion by first datermining the total
acidity of the bomh woshings by titration with a
standard eohition of sedium hydroxide, using methyl
oratige as the indicator, thett removing the nitrate
by evapnmth:ﬁ the solution to dryness, and finelly,
dstermini e mlfur by precipitation B3 badom
aulfate a.nlrhg weighing, Tflrﬂ percentage of sulfur so
determined averaged .01 lower than the values re-
ported in teble 1. The total correction for acids did
not amount to morn than 0.2 percent of the toial
heat produced in the sombustion reaction,

The observed hont of combustion, —AL g, in each

experiment wae reducad to-the value of —ALF;, the

! Figures in brockeis [ndleate the Iitersturs tferetcas ab ta end of il paper,

decrease in intrinsic nnerg"} arcompanying the reac-
tion :

—2
=E50um)

C.H 0.8, (=0lid polymer) + {4 d-

¢00.) +4 $0:(8) +aHOlig), @

using the Washburn procedure [7] modified so az to
apply to 282° ' and to the energy content of che gasea
at zero pressure instead of 1 &tm.

The measuremen t3 wers made in terms of the abso-
Iute joule aa the umt of ebe Conversion to the
conventional thermochemical caloric was maede by
means of the relation

1 cal—4.1840 abs j.

4. Besults of the Calibration Experiments

All the measurementa of heat of combustion re-
poried in this paper wers made with the same calo-
rimeiric evetom. Howewer, the work was earried out
over & period of about 2 years, snd, because of nec-
SBSETY regajrs to the calorimetric ayatem, it WB8 Tre-
calibrated several times during the course of the
work. Table 2 presents & summary of the valves
obtained for the energy equivalant of the ealorimater
end tha nuzmbers of the polymer samples whose heats
of combustion were messured, using cach value for
the energy equivalent.

Turpok 2. Energy equiralent of calorimeler

Energy equivaleok Polymery invealdzatad
[l )
131?{1..-!*0.1‘- L}
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= Tho numbers fllewing the & are the standard deviotionn of the porre=

cpudd ey wean vRIWE of cnery equlvalont.

5. Experimental Results

The results of the hoat of combustion expenments
are reported in tables 3 and 4, whore —Al7: repreaonis
the obaerved hest of combustion at 28° O under the
conditions specified by the volume (381 ml) of the
bomb, the mass (1 g} of water placed in the bomb
befora each experiment, the temperature {28° ) to
which the combustion reaction i referved, and the
data given in columng 3 and f; and whare —ALT]
represente the decrease in intrinsic energy aceom-
panying reaction {1} with all the resctante and prod-
uets in their standard thermadgrnamic states at 28° O,
{The deata on sample A of 50° C polybutadiene are
for 30° (3
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— of the samples based on the elemental analysiz, the
Hample £3-B moximouin difference being about 0.2 percent. The
T apparatus for defermining the carbon dioxide was
aan | B3 | LT | 12l teated several times during tha course of the work,
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%2112 E | TS | 1R n and was found to give resulta that check the atoichio-
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The difference between the observed snd stiochioe-
metric valuea for the mass of carbon diexide formed

= Tha data oo this sanepds are fiw 30 O

AAldve—52—2

doring the combuation of o polymer is probebly
due to moisture absorbed by the sample.

The results reported in tables 3 and 4 include the
heat of combusiion of the phenyl-beta-naphithyla-
mine that wae added to the samples as an anti-
oxident, These results were corrected for the heat
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of combustion, (—ATT;, 25° C=8305.7 kj/mole,
[ of this material on the assumption that there was
1o reaction betwean the antioxident and the polymer
or air. Table 5 presents these corrected values ui:
—all; and slso the corresponding values for —~AH,
{25° ) and AH; (25° C) used mn the caleulations
of heat of polymerization,
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6. Calculation of Heat of Polymerization

In the ense of a polymer such as polystyrene, which
congiets entirely of styrene units joined together, the
heat of polymerizstion iz easily ealealated s the
difference between heats of combustion per monomer
unit of menomer and polypier. A similar caleulation
could also be mads of the heat of copolymerization of
two monomers, provided the copolymer contained
practically nothing except the two kinds of monomer
units. e polymers and copolymers investigated
in the present worle, however, were prepared by using
dodecyl mercapian as a modifier, so that the calcula-
tion of heat of polymerization could not be mades by
the simple method indicated above. .

The caleulations mede here are based on the
chain-transfer theory of polymerization, from which
it can be asaumed that each polymer roolecule con-
taing one dedecyl mercaptan moleculs chemically
combined with 12 [10, 11]. In ofther words, it s
assumed that the formula for & polymer moleculs can
be written Oy HyuS (CiHyin{C:sHy),H, where m and
% represent the number of butadiena and atyrene
units, respectively, in the molecule® The valoes of
m anid » can be caleulated from the elemental analyeis

! Altbough this assmumption i plaosible, snd b sopported by experimentul

dagn | 18], Ik in medr: hern merely 52 8 mnturdmwugnce. It nr,;ﬂar & dlm plify

(113 igt of hemts of polymerloation,  Subotentilly the seme reanle wobd

be cbiaimed il 46 wern ammneved dhat some of the pelymer mrleonles hed b

captadn Huittal both ends and thet the othemhdhytg'meu &b0MmA Bt Dot BTk,
"ot wern actun]ly mwdn on the aeamption that & boiedlens umlt

B sdtBadwed to (e Hors amtan wmit. [n each mobscube

Shapis shprcnabiy by

ERpEAN.

! ,The reanlta wonld net be
Agruming that m 3FTeme unlt wad atlsotiod bo the mece

of the sample, Then the heat of formation of this
molecule can be obtained by combining the experi-
mental value for its heat of combustion, accordi
to eq 1 with velues for the heats of {ermation o
s carbon dioxide, paseous sulfur dioxide, and
quid water. The beat, AH, of the reaction

O HpSCH.CH =CHCH, (lig) + (m— 1OH, =
(HCH=CH,({lig}+n CH,=CHCH; (liq)—
CuHaBC Hy )\ (T, ) Hisolid polymer) (2}

cen then he caleulatad from the heats of formation of
the solid polymer and of the reactants, The heat of
copolymerization is taken as (AR, =AHP{[(m+n)).

Accurate values for the heats of formation of 1,3-
butediene [13, 17] and styrene [12] are available,
and are given in table 6. No date on the heat of
formation of CHLSOH,CH=CHCH, bhave been
found in the Literature. Fortunately, only an sp-
proximate value is required for the pregent purl;ose,
and such an approximate value was calculated from
other data piven in table 6, together with the
indicated estimated wvaluea for the heats of the
tollowing reactions at 28° C:

ﬂC];Hg.{liq} +S{I‘hﬂmhi[}} —

aCHuBH{Jiq) ; AH =56 keel (3}
aC HySHilig—
10 HySC Hylliq) ;aid®=2.dkeal  (4)
2 Hy SCHy(lig)—
nCH S CH.CH = CHCH.Qig} +
Hy{g);aH°=28.1 keal. (5)

The value of A" for reaction (3) was taken we

ual to the difference betwean the heata of formation
of n-pentane and n-pentanethiol; the wvalue for
reaction (4) was takon as the difference between
the Leats of formsation of liquid ethanethiol and
liguid dimethylsulphide; the value for resction (5}
was taken ns the difference between the heat of
formation of liguid m-butane gnd the menn of the
hents of formation of i and frene2-butene, The
valucs for the heats of formation of the twe butenes
worn obteined from the correspondine values for the
ideal gases [13], LO%-!t-hEl‘ with values of heats of
vaporization &t 25° C to the real pases at saturation
pressure [22], that ia, the difference in heat eontent
Iatween the real and ideal geses was lected.
The value for the heat of formation of ligquid
CaI1,8CH,CH=CHCH; obtzined in tha manner
indicated is —72.5 kealfmole. As suggeated pre-
viouely, and as is evident from the method of cal-
cilation, this value can only he regarded s
approximate.

E’alues of heats of polymcrization nnd copoly-
merization calenlated as described shove are gmiven
m table 7, and are shown lJI:I-:rt-t,lm:l against styrene
content in figure 1, where the velue —AH =16.68
kcal per monemer unit for styrene [12] is alzo shown.
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TaplLs 8. Vealuer of kealr of formaifon af #5° C wisd in
coletelating heats of polymeri2alion
ompound AHF Referanca
kel ol

#-Fentane fhigy _ _____.___..__. .| -iL 34 14]
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TarrLe 7. Heale of polymerization
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‘7. Discusgion

It is apparent from figure 1 that the valus 204
keal per monomer unit for —aAH®, for the 5° O
polyner X—454 13 entirely out of line with the values
for the gther polymers, which range from 16.9 to
17.7 keal per monomer unit. No satisfactory ex-
planation of this high value hns heen found, bat
the reasonably good corsistency of the date on the
other polymers suggests that the hizh walue of
—AF®, for sample X-454 may be related to =ome
abnormality in the compesition of this asmple.
Bome abnermaelity in this sample iz also indicaled
by = correlation of the refractive indices of the
various polymers with styrene content [20]. It has
been found that the astyrene rontents of the other
§° C polymers, as determined from anslyvses for
carbon, hydrogen, and sulfur, can be repressnted
by an empirical functioh of refractive index within
a few thousandths of 1 percent of styrene. However,
this relation gives a value for styrene content for
gnmpie X—{51 that is lower than the valne calenlated
from the analywis of the sample by approximately
{.5 percent.

As stated previously, a pert of the sulfur in satple
X454 was present as inorganic impurity, and it
may be that the inprganic sulfur compound tock

T
!
|

B, kel BMONOMER LT

=1
-3

[+ P Y ¥
MOLE FRACTION STYREME
Ficure 1.  Heale of copolymerfvalion.
Oy 8¢ C polymees; 4, 6° G polymees; A, palyatyrens,

part in some repction in the bomb. Since the
nalure of the sullur compound v not known, no
correction for the effeat of such resstions could
bhe mude, Calculated vahiea of the correction on
the basis of various assumptions as to what sulfur
compoulds may have been present and what re-
actionz roey have twken plice indrcate that the
error intredueed by naglecting tha thermal effect
of the reaction, and b¥ making corrections for nitrie
and sulfuric acide as described previously, probably
does not excesd 0.02 or 0.0% percent of the heat of
combustion. Thizs is far too amall to account for
the abnormel result obtained with sample X-454,

It will be seen from figure 1 that the wvalues of
--AH, for samples other than X—454 do not indi-
cate any appreciable difference batwesn the 5° C
and the 507 C polymers. It will be seen also that
the points for polymers other Lthan X454 lis renson-
ably near to the curves shown. The maximum davia-
tion from either curve corresponds to about 0.06
percent in heet of combustion of L]:.n;fml mer. This
18 probably as good agrecment as could be cxpectad.,
ronsidering the natwre of the polymeric matarials
gnd the approximations made in ealeulating the
heate of polymerization,

The curves shown in figwre 1 were caleulated
from an equation of a form derived theoretically by
Alfrey and Lewis [18], which expresses heat of co-
polymerzation a2 a tunction of copolymer compo-
gitiorn. A valua for one af tha twa parameters in
this equation was chosen empiric&lﬁ' to fit the
experimental data. Arccording to Alfrey and Lewis
[19] the other paramoter, designeted as rory, was less
than or equal to unity in all copolymer pairs studied
by them. The lwo curves shown in figure 1 may
therefore tepresent thn limits betwoen which the
best theoretical curve would lie. It is seen from
figure 1 that the data are at least not lnconsistent
with the theoreticel curves. Ik may be noted also
that the deviation of the curves ?mm a straight
line connecting the values for 0 and 100 percent of
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gtyrene is in the direclion predicted by Alfrey and
lewis. It should be 501}1111; out, however, J-hnf;]:ihn

mers investigate ers Were pre under
Eunf:]itiuna sunhutf’at conversion rnmm 60 to
75 percent, whereas Alfrey and Lewiz [19] atate that
their analysis applies only for low-conversion poly-
menzation, without appreciable drift in menomer
ratio.

It seems unlikely from the information aveilabls
on the polymers investipated and from the results
of infrared studies on similar polymers by Hart snd
Mever [8] that sny appreciable differences in heat
of polymerization 1:'|.r|:||u.mJ arise from diffsrences in the
relative amounts of 1,2 and éie- and {rane-1,4 gtrue-
turss in various polymer samples.

The authors are indebted to Max Tryon of the
Rubber Section of the Buresu for purifying the
varipus polymer samples; to Rolf A. Peolson of the
Analytical Chemistry Section for the chamical
analyees repnrtad in takle 1; to W. . Hubbard and
Guy Waddington, U1, 5. Bureau of Minea Experiment.
Station, Bartlesville, Okla., for permission to use
their preliminary value for the heat of formation of
n-pentanethiol.
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